The effects of two herbicides used wide-spread, isoproturon (phenylurea) and terbutryn (triazine), on growth, dry weight, elemental composition, photosynthetic pigments and protein content, and cell volume assayed by flow cytometry in the freshwater microalgae Chlorella vulgaris were studied. Different parameters for algal activity show widely different sensitivities to these aquatic pollutants. After 96 h of herbicide exposure, terbutryn was the strongest inhibitor of growth, giving an EC50 value for growth twice lower than that for isoproturon cultures (EC50 terbutryn=0.097 μM; EC50 isoproturon=0.199 μM). However, lower concentrations of the triazine herbicide provoked an increase in the cellular density and growth rate of this microalga, not observed in the phenylurea-treated cultures. Cellular volume and dry weight of C. vulgaris cells were increased strongly in the presence of isoproturon and terbutryn. Other cellular parameters, such as pigment and protein content, were stimulated with both herbicides at higher concentrations.
Introduction
Most phytotoxicological research with herbicides has been conducted on target plants (i.e. efficacy studies on weeds). Little data exist on the effects of these pollutants may have in aquatic systems (Caux et al., 1996) , excepting the triazine atrazine. The sensitivity of algae to many herbicides is very high, and a better understanding of their environmental effects is without herbicide were included as control in all experiments. All experiments were carried out in triplicate for 96 h as has already been indicated for toxicity assays with microalgae (Walsh and Merril, 1984) .
Measurement of growth
Growth of the microalgal cultures was measured by counting daily culture aliquots in a Neubauer haemocytometer using an Eclipse E400 microscope (Nikon, Japan), and growth rates (μ), expressed in day −1 , were calculated by the usual formula:
where N is the cell density at time t (expressed in days) after herbicide exposure.
The most common parameter used in toxicity assays is the EC50, i.e. the concentration of the tested substance that decreases the growth rate by 50%. EC50 values after 48 and 96 h of herbicide exposure were obtained by graphic interpolation from concentration-response curves.
Growth rate data analysis was carried out using the Regression Wizard (SigmaPlot 4.0, SPSS Inc.) software. Data were fitted by a non-linear regression three parameters sigmoidal curve, using Marquardt's algorithm which theoretical mathematical function is:
where y is the percentage of the growth rate variation respect to the control (cultures without pesticide); xis the pesticide concentration (expressed as μM); the three parameters for this function determine the high value (a), the width of the transition (b), and the x value at which the function is 50% of the functions amplitude (x0, closely related to EC50).
Determination of cell volume
Microalgal cellular volume variations were determined after 96 h of herbicides exposure by flow cytometry, since an increase in the forward light scatter (FSC) signal can be correlated with an increase in cell volume (Shapiro, 1995) . Aliquots of microalgal cultures were analyzed in a 
Dry weight, carbon/nitrogen ratio and protein content
Samples for these analysis were taken after 96 h of herbicide exposure. Microalgal cells were harvested by centrifugation at 3000×g and frozen at −70 °C prior to lyophilisation for 24 h. The dry weight was determined according to Utting (1985) . Carbon and nitrogen content were obtained with an elemental analyser (Carlo Erba CHNS-O 1108).
Proteins were determined from the data of nitrogen content, using the conversion factor, 5.8, described byGnaiger and Bitterlich (1984) , instead of the classical conversion factor, 6.25 (FAO/WHO, 1973) , since it was demonstrated that this new conversion factor is better for different kind of samples, including algae, bacteria, protozoan and invertebrates (Gnaiger and Bitterlich, 1984). 2.5. Photosynthetic pigments content C. vulgaris photosynthetic pigment contents were determined from spectrophotometric measurements in a Shimadzu UV-160 (Japan) of 100% methanol extracts using the equations described in Lichtenthaler (1987) . Data were statistically analysed by an overall one-way analysis of variance (ANOVA) and, when differences observed were significant, the means were compared by multiple range Microalgal growth is characterized by a sigmoid or logistic function (Schanz and Zahler, 1981) .
In the present study, the growth of the microalgal cultures was fitted to the parameters of a logistic function, except for the 0.25 and 0.50 μM cultures ( Fig. 1 ). C. vulgaris cultures showed a prolonged lag phase after exposure to isoproturon, reaching the stationary phase later than control.
The concentration-response curves and their mathematical functions are shown in Fig. 2 . In the isoproturon cultures, the EC50 value after 96 h of herbicide exposure was twice the EC50 for the cultures exposed 48 h to isoproturon (Fig. 2) . Cellular protein content after 96 h of isoproturon exposure showed a significant increase (P<0.05) when the herbicide concentrations were higher than 0.10 μM, with a maximum value of 8.59 pg cell −1 in cultures exposed to an isoproturon concentration of 0.50 μM, being nearly four times higher than the protein content of the control cells (2.27 pg cell −1 ) ( Table 1) .
Photosynthetic pigments content
After 96 h of isoproturon exposure, cellular chlorophyll a and b contents were more affected than total carotenoid content by the addition of the herbicide ( Fig. 3) . Maximum chlorophylls content was obtained in 0.25 μM isoproturon cultures, with values of 0.38 and 0.14 pg cell −1 of chlorophyll a content and chlorophyll bcontent, respectively, in comparison with the values obtained in control cultures (0.14 and 0.05 pg cell −1 , respectively) ( Fig. 3) . However, cells exposed to the highest isoproturon concentration assayed showed a decrease in these chlorophylls with respect to the 0.25 μM cultures. Total carotenoid content was also increased, to 0.08 pg cell −1 at the highest isoproturon concentration assayed (P<0.05), while lower concentrations did not cause significant changes with respect to control cells (0.03 pg cell −1 ) (   Fig. 3) . Growth of C. vulgaris cultures was affected by the addition of terbutryn to the medium ( Fig. 4 ; Table 2 ). After 48 h of herbicide exposure, the most important decrease in growth rate respect to control cultures was detected at terbutryn concentrations of 0.10 and 0.20 μM (−0.06 and − 0.02 days −1 , respectively) (P<0.05). After 96 h of herbicide exposure, higher terbutryn concentrations brought about an important decrease in growth rate, being close to zero with the maximum concentration assayed ( Table 2) ; however, the lowest concentration assayed provoked a significant increase of growth respect to control cultures (0.92 and 0.82 days −1 , respectively), which are not significant different to those cultures exposed to 0.05 μM terbutryn. Microalgal growth is characterized by a sigmoid or logistic function (Schanz and Zahler, 1981) .
Growth curves of the microalgal cultures exposed to the lowest terbutryn concentrations assayed (0.025 and 0.05 μM) were fitted to the parameters of a logistic function (Fig. 4) . C.
vulgaris cultures showed a prolonged lag phase after exposure to terbutryn, reaching the stationary phase later than control.
The concentration-response curves and their mathematical functions are shown in Fig. 5 In the terbutryn cultures, the EC50 value after 96 h of herbicide exposure was twice the EC50 for the cultures exposed 48 h to terbutryn (Fig. 5) . 
Cell volume
This herbicide also caused an increase in the FSC signal after 96 h of exposure. The highest concentrations tested (0.10 and 0.20 μM) caused the maximum increases (P<0.05) of this signal (153 and 147%, respectively) with respect to the control (100%) ( Table 2 ).
The C/N ratio also decreased significantly (P<0.05) in cultures exposed to the highest terbutryn concentrations assayed, 0.10 and 0.20 μM (5.15 and 4.96, respectively) relative to control cells (5.54) ( Table 2 ).
Terbutryn concentrations of 0.05 μM or higher produced a significant increase (P<0.05) in the protein content of the cells, after 96 h of exposure, being maximum at 0.10 μM with a protein content of 4.61 pg cell −1 , twice that of control (2.27 pg cell −1 ) ( Table 2 ).
Photosynthetic pigments content
After 96 h of treatment, the two highest terbutryn concentrations (0.10 and 0.20 μM) brought about a significant increase both in chlorophylls and carotenoid contents of C. vulgaris cells with respect to the control cultures ( Fig. 6 ). 
Discussion
Despite the fact that the effects of both herbicides might be similar, both of them are photosynthetic electron transport inhibitors, the growth response of C. vulgaris cultures was rather different. The not comparable effective concentrations indicate that uptake and mode of action of each herbicide could be different in C. vulgaris. The growth rate of microalgal cultures at 48 and 96 h shows that both herbicides have inhibitory effects at the highest concentrations assayed ( Table 1 and Table 2 ). Terbutryn is a more efficient inhibitor of growth of C.
vulgaris cultures than isoproturon, since microalgal cultures exposed to isoproturon showed an EC50 value, after 96 h of treatment, twice that for the terbutryn-treated cultures( Fig. 2 and Fig.   5 ). S-Triazine herbicides, such as terbutryn, are considered one of the most efficient herbicides,
at least when they are tested on freshwater algae ( Abou-Waly et al., 1991) , probably due to the presence of a methylthio group in position six of the triazine ring, that could tend to be linked with the relatively high inhibitory effect to algal cells ( El-Dib et al., 1989) . Moreover, differences in grade of toxicity can be associated with solubility of herbicides in lipids; it is well known that lipid-soluble substances easily pass into cells through the cell wall (Tang et al., 1998) and, that the sorption of the herbicide to algal cells is a prerequisite for its action at the chloroplast membrane. Isoproturon (log Kow 2.25) can be considered a moderately lipophilic compound, but the triazine terbutryn (log Kow 3.49) could be rapidly taken up, as a passive uptake, from the medium by C. vulgaris cells due to affinity of this molecule to the algal cell ( Reddy and Locke, 1996) . This hypothesis will agree with the results obtained in the present work.
In C. vulgaris cultures, the EC50 value after 96 h of herbicide exposure is higher than the EC50 after 48 h, for both herbicides assayed, suggesting that phytotoxicity of both herbicides at higher concentrations presents an acute action. Values obtained only after 48 h of toxic exposure can give a partial view of the facts occurring in the freshwater ecosystems.
After herbicide exposure, the cells of C. vulgaris try to increase the growth rate after a inhibitory growth period, being its duration proportional to the herbicide concentration ( Table 1 and Table   2 ). Both growth curves and growth rates at 48 and 96 h show this phenomenon ( Fig. 1 and Fig.   4 ). Therefore, the herbicides assayed may have an algistatic effect.
It is outstanding that 96 h EC50 values obtained for both herbicides are below the solubility limit in water for isoproturon (65 mg l− 1 ; 22 °C) and, terbutryn (22 mg l −1 ; 20 °C) (Cremlyn, 1991) , concentrations susceptible of affecting algal growth. Generally, PS II herbicide concentrations are below 0.1 μg l −1 (limit value for drinking waters, at least in european countries) (El Jay et al., 1997) . However, several aquatic systems have been found to be contaminated with higher concentrations; for instance, herbicide concentrations higher than 2 μg l −1 have been found in several rivers of Europe (Beitz et al., 1994) . This suggests that important effects would be caused on microalgae populations after herbicide application, leading to the disappearance of different species, as C. vulgaris, an ubiquous, constitutive and generally defined as a tolerant species of the plankton community in freshwater environments ( Kasai and Hanazato, 1995) .
The lowest concentrations assayed of the triazine herbicide causes an increase in the cellular density and growth rate of the test microalga after 96 h of exposure, not observed in the phenylurea herbicide-treated cultures (Table 2 ; Fig. 4 ). Stimulation effects are often recorded in algal bioassays with different species and different pesticides (El-Dib et al., 1991; Haglund, 1997; Franqueira et al., 1999) . This stimulation of growth, obtained at the lowest terbutryn concentrations, indicates the ability of algal cells, and especially of C. vulgaris, to adapt and resist the inhibitory effect of herbicides. This may explain the increase observed in algae in herbicide-treated aquatic ecosystems and perhaps also in aquatic ecosystems subjected to toxicants ( Shehata et al., 1997) .
Dry weight and cell volume of C. vulgaris cells strongly increased in the presence of the highest concentrations of the two herbicides assayed, especially in the phenylurea cultures ( Table 1 and Table 2 ).
These increases may be related to the growth inhibition at the highest herbicide concentrations.
These two parameters showed a positive correlation for isoproturon and terbutryn (r=0.90 and 0.85, respectively). Photosynthesis-inhibiting herbicides may alter the overall bioenergetic status of the plant ( Wilson et al., 2000) , leading to the uncoupling of cell growth and reproductive processes, as reflected in the increase in the dry weight or the cell volume.
Previous studies indicate that cell volume are correlated significantly with toxicity ( Tang et al., 1998) . It is important that this increase in dry weight and cell volume may influence the remaining parameters, pigment and protein content ( Table 1 and Table 2 ; Fig. 3 and Fig. 6 ).
Since the herbicides assayed specifically exert its phytotoxic action at the photosystem II level, changes in microalgal chlorophyll content can be a reliable indicator of toxicity ; but the results suggest that these herbicides may affect chlorophyll and growth differently. In this study, at the concentrations of herbicides that provoke an inhibition of microalgal growth, chlorophyll content per cell is increased (Fig. 3 and Fig. 6 ).
Examples of triazine-induced increases of the algal chlorophyll content were reported in Selenastrum capricornutum by Mayer and Jensen (1995) . It can be interpreted as a tolerance mechanism ( François and Robinson, 1990) . This process may result from a homeostatic mechanism triggered by the exposure to the herbicides. Responses such as the synthesis of thylakoid components are considered to be a general adaptation response to situations in which electron transport rate is strongly limited for photosynthesis ( Behra et al., 1999 ).
The C/N ratio decreased as herbicides concentrations increased (Table 1 and Table 2 ).
As a result of the photosynthetic inhibition process, microalgal cells would not have enough energy for CO2 fixation. This can be the reason why C content decreases in the cultures after 96
h of exposure to both herbicides assayed.
Since proteins were determined from the data of nitrogen content, the increase recorded in the cellular protein content may be provoked by the increase obtained in the cellular contents of N, and then can be explained by the increase of dry weight and cell volume (Table 1 and Table 2 ).
An increase in protein content could be also related with a detoxification mechanism, for instance other herbicides as simazine have been shown to be detoxified by various microalgal species and subsequent binding to a protein (Kruglov, 1970) .
